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BacteriaBacteria havehave recentlyrecently beenbeen discovereddiscovered directdirect SSeveraleveral speciesspecies ofof aquaticaquatic bacteriabacteria whichwhich orientorient inin 
inging theirtheir movementsmovements byby sensingsensing thethe earth'searth's magmag thethe earth'searth's magneticmagnetic fieldfield andand swimswim alongalong magneticmagnetic 
neticnetic field.field. TheyThey containcontain arraysarrays ofofcrystalscrystals ofof lodelode fieldfield lineslines inin aa preferredpreferred directiondirection (magnetotaxis)(magnetotaxis) havehave 
stonestone oror magnetitemagnetite whichwhich theythey synthesizesynthesize fromfrom ironiron beenbeen observedobserved inin marinemarine andand freshwaterfreshwater sedimentssediments ofof thethe 
inin thethe ocean.ocean. TheThe discoverydiscovery ofof thethe samesame typetype ofof northernnorthern hemisphere.hemisphere. TheirTheir orientationorientation isis duedue toto oneone oror 
crystalscrystals inin thethe abdomensabdomens ofof honeyhoney beesbees andand thethe moremore intracytoplasmicintracytoplasmic (intracellular)(intracellular) chainschains ofof singlesingle
brainsbrains ofof hominghoming pigeonspigeons suggestssuggests thatthat naturenature isis domaindomain magnetitemagnetite particles.particles. TheseThese linearlylinearly arrangedarranged 
notnot obliviousoblivious toto thethe earth'searth's magneticmagnetic field.field. TheThe particlesparticles impartimpart aa netnet magneticmagnetic dipoledipole momentmoment toto thethe 
biologicalbiological mechanismmechanism forfor sensingsensing magneticmagnetic fieldsfields bacterium,bacterium, parallelparallel toto thethe axisaxis ofof motility.motility. NorthernNorthern 
hashas nevernever beenbeen determined.determined. TheseThese bacteriabacteria areare hemispherehemisphere magnetotacticmagnetotactic bacteriabacteria withwith unidirectionalunidirectional 
capablecapable ofofbiologicallybiologically synthesizingsynthesizing highlyhighly purifiedpurified motilitymotility swimswim consistentlyconsistently inin thethe directiondirection ofof thethe 
singlesingle domaindomain magnetsmagnets thatthat wouldwould bebe veryvery expenexpen magneticmagnetic field,field, thatthat is,is, toto thethe geomagneticgeomagnetic north.north. ThisThis 
sivesive toto produceproduce chemically.chemically. impliesimplies thatthat theirtheir magneticmagnetic dipoledipole isis systematicallysystematically 

TheThe tinytiny perfectperfect magnetitemagnetite crystalscrystals mademade byby orientedoriented withwith thethe north-seekingnorth-seeking polepole forward.forward. BacteriaBacteria 
thethe bacteriabacteria possiblypossibly couldcould bebe utilizedutilized inin micromicro fromfrom aquaticaquatic environmentsenvironments inin NewNew ZealandZealand andand AustraliaAustralia 
circuitry.circuitry. InIn addition,addition, becausebecause thesethese bacteriabacteria areare orientorient inin thethe earth'searth's magneticmagnetic fieldfield andand whenwhen separatedseparated 
attractedattracted toto metalmetal surfacessurfaces surroundedsurrounded byby distordistor fromfrom thethe substratesubstrate (bottom)(bottom) swimswim alongalong magneticmagnetic fieldfield 
tionstions inin thethe earth'searth's magneticmagnetic field,field, theythey maymay playplay lineslines toto thethe south.south. ThisThis impliesimplies thatthat theirtheir magneticmagnetic 
aa rolerole inin shipship fouling.fouling. TheThe uniqueunique physicalphysical properproper dipoledipole isis orientedoriented withwith thethe south-seekingsouth-seeking polepole forward.forward. 
tiesties ofof thethe singlesingle domaindomain ferromagneticferromagnetic crystalscrystals Consequently,Consequently, bothboth northern-northern- andand southern-hemispheresouthern-hemisphere 
ofof magnetitemagnetite producedproduced byby thesethese bacteriabacteria areare beingbeing magnetotacticmagnetotactic bacteriabacteria observedobserved toto datedate migratemigrate downdown
analysedanalysed forfor possiblepossible electronicelectronic applications.applications. BioBio wardward byby swimmingswimming alongalong thethe earth'searth's inclinedinclined magneticmagnetic 
chemistrychemistry ofof heavyheavy metalmetal storagestorage couldcould bebe imim fieldfield lines.lines. (Figure(Figure 1)1) 

portantportant inin recoveringrecovering metalsmetals fromfrom oreore andand nuclearnuclear MagnetotacticMagnetotactic bacteriabacteria werewere firstfirst discovereddiscovered inin sedisedi
wastes;wastes; thisthis isis aa continuingcontinuing researchresearch projectproject supsup mentsments nearnear WoodsWoods Hole,Hole, MassachusettsMassachusetts inin 19741974 byby R.R. P.P. 
portedported byby thethe OfficeOffice ofofNavalNaval Research.Research. Blakemore.Blakemore. ItIt waswas observedobserved thatthat mostmost ofof thesethese bacteriabacteria 

orientorient andand swimswim alongalong thethe magneticmagnetic lineslines towardtoward thethe 
North.North. ReversalReversal ofof thethe ambientambient magneticmagnetic fieldfield byby Helm-Helm-
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FigureFigure 1:1: NegativeNegative stainstain ofof aa magneticmagnetic bacteriumbacterium collectedcollected 
fromfrom aa freshfresh waterwater pond.pond. ThisThis bacteriumbacterium waswas 
magnifiedmagnified 50,00050,000 timestimes withwith aa transmissiomtransmissiom electronelectron 
microscope.microscope. 
BarBar == 11 micrometermicrometer 

holtzholtz coilscoils causedcaused thethe cellscells toto makemake V-turnsV-turns withinwithin oneone 
secondsecond andand swimswim inin thethe opp.ositeopp.osite direction.direction. KilledKilled cellscells 
alsoalso orientedoriented inin uniformuniform fieldsfields asas lowlow asas 0.10.1 G.G. InIn thesethese 
andand otherother respects,respects, thethe cellscells behavebehave likelike singlesingle magneticmagnetic 
dipoles.dipoles. •• 

AA magnetotaticmagnetotatic spirillum,spirillum, designateddesignated strainstrain MSMS
1,1, hashas beenbeen isolatedisolated fromfrom aa freshwaterfreshwater swampswamp andand 
growngrown inin purepure cultureculture (Figure(Figure 2),2), EachEach magnetotaticmagnetotatic 
cellcell hashas anan intracytoplasmicintracytoplasmic chainchain ofof approximatelyapproximately 
2222 iron-rich,iron-rich, electron-opaqueelectron-opaque particles.particles. EachEach particleparticle 
isis roughlyroughly octahedral,octahedral, 500500 AA alongalong eacheach majormajor axis.axis. 

Dr.Dr. RichardRichard B.B. FrankelFrankel isis SeniorSenior ResearchResearch 
ScientistScientist atat thethe FrancisFrancis BitterBitter NationalNational MagnetMagnet 
Laboratory,Laboratory, MassachusettsMassachusetts InstituteInstitute ofof Technology.Technology. 
HisHis researchresearch isis inin thethe areasareas ofof ironiron inin biologicalbiological syssys
tems,tems, biomagnetism,biomagnetism, MossbauerMossbauer spectroscopy,spectroscopy, andand 
biologicalbiological effectseffects ofofhighhigh magneticmagnetic fields.fields. 

MossbauerMossbauer spectroscopyspectroscopy ofof "Fe"Fe inin freeze-driedfreeze-dried cellscells 
showsshows conclusivelyconclusively thatthat thethe particlesparticles areare primarilyprimarily 
composedcomposed ofof magnetite,magnetite, FeFe 3300 •.•. AnotherAnother iron-coniron-con
tainingtaining materialmaterial withwith aa roomroom temperaturetemperature MossbauerMossbauer 
spectrumspectrum similarsimilar toto thatthat ofof thethe iron-storageiron-storage propro
teintein ferritinferritin isis alsoalso observed.observed. ThusThus magnetotaxismagnetotaxis 
isis associatedassociated withwith intracellularintracellular magnetite.magnetite. SinceSince 
thethe bacteriabacteria werewere growngrown inin chemically-definedchemically-defined 
mediamedia containingcontaining solublesoluble (chelated)(chelated) iron,iron, thethe 

ProfessorProfessor R.R. D.D. BlakemoreBlakemore isis withwith thethe DepartDepart
mentment ofof Microbiology,Microbiology, UniversityUniversity ofof NewNew HampHamp
shire,shire, Durham.Durham. HisHis researchresearch inin thethe fieldfield ofofmicrobialmicrobial 
physiologyphysiology andand diversitydiversity isis currentlycurrently emphasizingemphasizing 
magnetotaxismagnetotaxis inin bacteria.bacteria. 
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FigureFigure 2.2. NegativeNegative stainstain ofof magneticmagnetic spirillumspirillum strainstrain 1.1. ThisThis 
bacteriumbacterium waswas magnifiedmagnified 50,00050,000 timestimes withwith aa 
transmissiontransmission electronelectron microscope.microscope. 
BarBar == 11 micrometermicrometer 

presencepresence ofof intracellularintracellular magnetitemagnetite impliesimplies aa processprocess ofof 
bacterialbacterial synthesis.synthesis. 

TheThe magneticmagnetic propertiesproperties ofof magnetitemagnetite particlesparticles dede
pendpend onon theirtheir sizesize andand shape.shape. ForFor aa particleparticle ofof roughlyroughly 
cubiccubic shapeshape withwith sideside dimensiondimension d,d, therethere isis aa rangerange ofof dd 
overover whichwhich thethe particleparticle willwill bebe aa singlesingle magneticmagnetic domain.domain. 
TheThe magneticmagnetic momentmoment ofofaa singlesingle domaindomain isis thethe saturationsaturation 
oror maximummaximum magneticmagnetic momentmoment ofof thethe particleparticle andand isis unun
changingchanging inin time.time. MagnetiteMagnetite particlesparticles withwith dimensionsdimensions 
dd .::;.::; 400400 AA areare superparamagnetic,superparamagnetic, thatthat is,is, thermalthermal activaactiva
tiontion inducesinduces transitionstransitions ofof thethe magneticmagnetic momentmoment betweenbetween 
differentdifferent easyeasy magneticmagnetic axisaxis directionsdirections withwith aa consequentconsequent 
lossloss ofof magneticmagnetic "memory.""memory." ParticlesParticles withwith dimensionsdimensions 
dd ~~ 800800 AA areare multidomainmultidomain andand consequentlyconsequently havehave macmac
roscopicroscopic momentsmoments whichwhich areare eithereither zerozero oror lessless perper unitunit 
volumevolume thanthan singlesingle domaindomain particles.particles. WithWith dd == 500500 A,A, thethe 
magnetitemagnetite particlesparticles inin strainstrain MS-lMS-l areare withinwithin thethe singlesingle 
domaindomain sizesize range.range. 

preBecauseBecause ofof strongstrong interparticleinterparticle interactions,interactions, thethe pre
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ferredferred orientationorientation ofof thethe individualindividual particlesparticles isis suchsuch thatthat 
theirtheir axesaxes ofof magnetizationmagnetization areare parallel,parallel, north-to-southnorth-to-south 
alongalong thethe chainchain direction.direction. Thus,Thus, thethe entireentire chainchain actsacts asas 
aa singlesingle magneticmagnetic dipoledipole withwith aa momentmoment equalequal toto thethe sumsum 
ofof thethe particleparticle moments.moments. ForFor aa cellcell containingcontaining thethe averageaverage 
chainchain lengthlength ofof twenty-twotwenty-two particles,particles, thethe totaltotal momentmoment 
MM == 1.31.3 xx 1210-10- 12 emu.emu. InIn thethe geomagneticgeomagnetic fieldfield ofof 0.50.5 G,G, 
thethe totaltotal magneticmagnetic energyenergy ofof aa cellcell MHMH ==6.66.6 xx 10-10- 1313 erg.erg. 
ThisThis valuevalue isis moremore thanthan anan orderorder ofof magnitudemagnitude greatergreater 
thanthan thermalenergy,kTthermalenergy,kT (4.1(4.1 xx 10-10- 1414 ergerg atat 300300 K).K). ThusThus 
eacheach bacteriumbacterium containscontains aa sufficient,sufficient, butbut notnot excessive,excessive, 
amountamount ofof single-domain-sizedsingle-domain-sized magnetitemagnetite inin anan approappro
priatepriate configurationconfiguration toto bebe orientedoriented inin thethe earth'searth's magmag
neticnetic fieldfield atat ambientambient temperature,temperature, i.e.,i.e., thethe cell'scell's chainchain 
ofof magnetitemagnetite crystalscrystals functionsfunctions asas aa biomagneticbiomagnetic compass.compass. 

TheThe simplestsimplest hypothesishypothesis forfor thethe mechanismmechanism ofof magmag
netotaxisnetotaxis isis passivepassive orientationorientation ofof thethe bacteriumbacterium resultingresulting 
fromfrom thethe torquetorque exertedexerted byby thethe ambientambient magneticmagnetic fieldfield 
inin whichwhich itit swims.swims. SinceSince mostmost magnetotacticmagnetotactic bacteriabacteria 
fromfrom thethe northernnorthern hemispherehemisphere areare observedobserved toto swimswim 
northward,northward, thethe compasscompass inin thesethese cellscells mustmust havehave aa fixedfixed 
orientationorientation withwith respectrespect toto thethe flagellumflagellum (tail),(tail), withwith thethe 
north-seekingnorth-seeking polepole oppositeopposite toto thethe flagellum.flagellum. ThisThis 
orientationorientation couldcould bebe preservedpreserved inin cellcell divisiondivision ifif thethe com-com-
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passpass isis partitionedpartitioned betweenbetween thethe twotwo daughterdaughter cells.cells. SubSub
sequently,sequently, duringduring magnetitemagnetite biosynthesisbiosynthesis thethe magneticmagnetic 
momentsmoments ofof nascentnascent magnetitemagnetite particlesparticles atat thethe endsends ofof 
thethe pre-existingpre-existing chainschains wouldwould becomebecome orientedoriented alongalong 
thethe chainchain directiondirection byby interactioninteraction withwith thethe chainchain dipoledipole 
moment.moment. 

DueDue toto thethe inclinationinclination ofof thethe earth'searth's magneticmagnetic field,field, 
magnetotacticmagnetotactic bacteriabacteria thatthat swimswim toto thethe northnorth inin thethe 
northernnorthern hemispherehemisphere areare directeddirected downwarddownward atat anan angleangle 
increasingincreasing withwith latitude.latitude. ItIt hashas beenbeen suggestedsuggested thatthat thisthis 
downwarddownward directeddirected motionmotion confersconfers aa biologicalbiological advantageadvantage 
byby guidingguiding thethe bacteria,bacteria, whenwhen dislodged,dislodged, backback toto thethe 
sediments.sediments. OnOn thethe basisbasis ofof thisthis hypothesis,hypothesis, magnetotacticmagnetotactic 
bacteriabacteria ofof thethe southernsouthern hemispherehemisphere wouldwould bebe expectedexpected 
toto swimswim southsouth inin orderorder toto reachreach thethe bottom.bottom. Recently,Recently, 
severalseveral morphologicalmorphological typestypes ofof magnetotacticmagnetotactic bacteriabacteria 
havehave beenbeen observedobserved inin sedimentssediments ofof AustraliaAustralia andand NewNew 
Zealand.Zealand. TheseThese bacteriabacteria indeedindeed swimswim consistentlyconsistently toto thethe 
south,south, hencehence downwarddownward alongalong thethe earth'searth's inclinedinclined magmag
neticnetic fieldfield lines,lines, asas hypothesized.hypothesized. AsAs revealedrevealed byby electronelectron 
microscopy,microscopy, theythey containcontain internalinternal chainschains ofof electronelectron
opaqueopaque particlesparticles similarsimilar toto thosethose observedobserved inin magnetomagneto
tactictactic bacteriabacteria fromfrom thethe northernnorthern hemisphere.hemisphere. LikeLike theirtheir 
northern-hemispherenorthern-hemisphere counterparts,counterparts, theirtheir magneticmagnetic polarpolar
ityity cancan bebe permanentlypermanently reversedreversed andand theythey cannotcannot bebe 
demagnetized.demagnetized. 

TheThe prevalenceprevalence ofof south-seekingsouth-seeking magnetotacticmagnetotactic 

bacteriabacteria inin southern-hemispheresouthern-hemisphere sedimentssediments andand northnorth
seekingseeking magnetotacticmagnetotactic bacteriabacteria inin thethe northernnorthern hemishemis
pherephere verifiesverifies thethe hypothesishypothesis thatthat downwarddownward directeddirected 
motionmotion isis advantageousadvantageous for,for, andand upwardupward directeddirected motionmotion 
detrimentaldetrimental to,to, thethe survivalsurvival ofof thesethese magnetotacticmagnetotactic bacbac
teriateria withwith unidirectionalunidirectional motility.motility. MagnetotaxisMagnetotaxis isis aa 
reliablereliable meansmeans ofof keepingkeeping thesethese microorganismsmicroorganisms inin oror nearnear 
thethe bottombottom sediments.sediments. SinceSince particlesparticles inin thethe micrometermicrometer
sizesize rangerange withwith densitiesdensities closeclose toto 1.01.0 tendtend toto remainremain 
suspendedsuspended inin water,water, gravitygravity isis virtuallyvirtually inconsequentialinconsequential 
inin determiningdetermining thethe verticalvertical distributiondistribution ofof thethe bacteria.bacteria.
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